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ABSTRACT [ 223 words]
It is widely considered that intraocular pressure (IOP)-induced deformation within the neural tissue pores of the lamina cribrosa (LC) contributes to neurodegeneration and glaucoma. Our goal was to study how the LC microstructure and mechanical properties determine the mechanical insult to the neural tissues within the pores of the LC. Polarized light microscopy was used to measure the collagen density and orientation in histology sections of three sheep optic nerve heads (ONH) at both mesoscale (4.4 μm) and microscale (0.73 μm) resolutions.
Mesoscale fiber-aware FE models were first used to calculate ONH deformations at an IOP of 30 mmHg. The results were then used as boundary conditions for microscale models of LC regions. Models predicted large insult to the LC neural tissues, with 95 th percentile 1 st principal strains ranging from 7-12%. Pores near the scleral boundary suffered significantly higher stretch compared to pores in more central regions (10.0 ± 1.4% vs. 7.2 ± 0.4%; p=0.014; mean ± SD).
Variations in material properties altered the minimum, median, and maximum levels of neural tissue insult but largely did not alter the patterns of pore-to-pore variation, suggesting these patterns are determined by the underlying structure and geometry of the LC beams and pores.
To the best of our knowledge, this is the first computational model that reproduces the highly heterogeneous neural tissue strain fields observed experimentally.
Introduction
Glaucoma is a progressive neurodegenerative disease resulting in the death of retinal ganglion cells (RGC) and irreversible vision loss. While the exact causes of glaucomatous damage are not entirely clear [1] [2] [3] [4] , there is a strong association between glaucoma progression and elevated intraocular pressure (IOP) [5] . In fact the only accepted treatments for glaucoma focus on lowering IOP [6] . Experimental evidence has shown that glaucomatous damage initiates in the lamina cribrosa (LC) [7] , a complex structure in the posterior pole consisting of collagenous beams and neural tissue pores containing both RGC axons and glial cells (Fig. 1) .
Thus, most theories regarding the initiation and progression of glaucoma center around excessive IOP-induced mechanical deformation or stress within the lamina cribrosa (LC) [3, 4] .
Much work has gone into modeling the complex structures of the optic nerve head (ONH), the region of the eye including the LC where the RGC axons converge to form the optic nerve, in an attempt to understand how the LC and other tissues of the ONH deform under elevated IOP [8] [9] [10] [11] [12] [13] [14] . Over the last ten years, efforts have primarily focused on developing models that include the effects of collagen fiber alignment and material non-linearity [13] [14] [15] , both improvements upon earlier isotropic linear models [9, 10, 16] . Despite these advances, there have been no eye-specific LC models that explicitly consider the neural tissues independent of the connective tissue. This is a major limitation because it is the mechanical insult to the neural tissues that is hypothesized to lead to neurodegeneration, and the models cannot predict that insult. Moreover, previous models have lumped the neural tissues and connective tissue microstructure together. Not surprisingly, the models have been unable to reproduce the strain fields observed experimentally. Recent models predict tensile strains within the LC to be less than 5% under elevated levels of IOP [10, 13, 14, 16, 17] , whereas experimental studies by us [18, 19] and others [20] have measured IOP-induced strains exceeding 10 and even 20% in some regions. Further, these experiments revealed highly heterogeneous deformation fields, with levels of stretch varying greatly from one LC pore to another.
Our goal was to study how the LC neural tissues deform under elevated IOP and how the material properties of the LC and peripapillary sclera influence the level of mechanical insult.
Since these are the tissues actually injured in glaucoma, determining how they deform and the role of the collagenous LC microstructure in mitigating or antagonizing this deformation is essential for understanding glaucoma susceptibility and progression. To accomplish this goal, we made highly detailed, multiscale, specimen-specific models of the LC that included both collagenous laminar beams and neural tissue.
Methods
We used a two-level modeling approach. First we modeled the ONH at a mesoscale level (mean element edge length of 112 μm), using serial histological sections of the ONH and peripapilary sclera, similar to previous approaches [13, 14] . These models were then used as boundary conditions for high resolution, microscale models of LC regions (mean element edge length of 7-10 μm) which included distinct material properties for LC neural tissues and beams.
We conducted a sensitivity analysis in which we varied the material properties of both the neural tissues and connective tissues both to test the robustness of our conclusions to our choice of material properties and to understand the influence of the material properties on the neural tissue strains.
Histology
Three eyes from two sheep were obtained from a local abattoir. All histological methodology has been described elsewhere [21, 22] . Briefly, eyes were pressure fixed via cannulation through the anterior chamber at 5 mmHg with a gravity column and bath of 10% formalin overnight. Posterior poles centered on the ONH were removed with a 11.5 mm trephine and cryosectioned coronally into 30 µm thick sections. Sections were collected serially through the depth of the tissue. It should be noted that the tissue was neither stained nor dehydrated. We have demonstrated our tissue processing protocol including formalin fixation and sectioning generally preserves both the shape and size of ocular tissues [21] .
Imaging
An overview of our multiscale imaging approach can be found in Fig. 2 . All imaging methods have been previously described [21, 22] . Briefly, polarized filters were used in conjunction with a bright-field microscope. Images were collected with the filters in several orientations, and from these images we calculated the orientation of the collagen fibers at each pixel and the energy (an optical measure related to collagen density) [21] .
Mesoscale histology images were taken with an Olympus SZX16 microscope (Olympus, Tokyo, Japan) and an Olympus DP80 camera with a 0.8x objective and 1x magnification setting (4.4 μm per pixel). Microscale images were taken with an Olympus BX60 microscope with a SPOT camera (SPOT imaging Solutions, Sterling Heights, MI) with a 10x objective (0.73 μm per pixel). Images were stitched together to produce larger mosaic images [23, 24] . Serial mesoscale histology images were manually registered to one to ensure section alignment.
Microscale images were registered to mesoscale images by fitting an affine transformation to manual markings of corresponding points. We have established the robustness of the methods to magnification [21] .
Mesoscale model
Our modeling approach is outlined in Fig. 3 . For each eye, several sections through the ONH were chosen for use in the construction of the mesoscale models. Sections with large folds or tears were excluded from the model. The number of sections used for each eye model ranged from 6-11. Average pixel energy and average pixel orientation (circular mean) through the depth of the ONH were calculated using Matlab to create a 2D representation of the 3D structure. Any small tears or missing regions were manually excluded from the throughthickness averages. In one sample, two narrow cuts were made during sectioning and pixels in this region of the through-thickness averaged data were assigned energy values based on a linear interpolation and orientation values based on a nearest neighbor interpolation. A circular region of the thickness-averaged ONH was selected for modeling.
For our mesoscale models we followed an approach similar to the one by Zhang et al. [13] , however the ONH was modeled as a circular disk, with a thickness equal to 5% of the diameter rather than a square. To create the finite element mesh, a regularly spaced triangular mesh of a circle with dimensions equal to the size of the circular ONH region was created so that the average number of pixels per element was approximately 200. The triangular mesh was then replicated five times and shifted along the out of plane direction to create a six-layer point set. A constrained Delaunay tetrahedralization was conducted to create a quadratic tetrahedral mesh.
The mean energy and mean element fiber orientation for each element was calculated from the thickness averaged image. The mean element energy was used to weight the stiffness of each element and the mean element fiber orientation was used to define the direction of maximal stiffness as will be defined in more detail in the material properties section of the methods.
To simulate the effects of IOP, a uniform outward boundary pressure was applied to the edges of the disk to mimic the effects of hoop stress as done by Zhang et al. [13] . However, when considering the dimensions of the sheep eye, we found that the hoop stress for sheep eyes was 10x IOP. Thus to model an IOP of 30 mmHg, a boundary pressure of 300 mmHg was applied (39.9 kPa). The model was constrained in z along one face to create a symmetry boundary condition and the model was constrained at the edges to prevent rotation about the out-of-plane direction.
Microscale model
Seven regions (~0.3-0.9 mm 2 ) with clearly defined collagen beams and no evidence of histological artifacts, such as broken or missing tissue or section folds were selected (Fig. 4) .
Four of these regions were taken from central regions of the LC and three regions were selected on the periphery of the LC. The three peripheral regions included parts of the sclera.
For simplicity, models will be referenced by the letters A-G, as defined in Fig. 4 . Note that A-G corresponds to increasing levels of connective tissue volume fraction (CTVF), so that model A has the lowest ratio of collagen to neural tissue and model G has the largest. Energy information from polarized light microscopy was used as the basis for 2D image segmentation.
The contrast of each image was enhanced first by local contrast enhancement, and second by a histogram adjustment. An intensity based threshold was used to segment the collagen beams and the background (neural tissue). Segmented masks were edited manually to correct for local defects including those due to the presence of pigment. Small beams that appeared unconnected on one end were removed from the mask, as we could not be sure that these were in the plane of the sample. Masks were checked by three different researchers prior to being used for models.
The skeleton of the segmented image was calculated [23, 25] , and errors in the skeletonized images due to centerline splitting near the edges of the segmented image were manually corrected. In-house code was used to generate a 3D reconstruction of the LC beams from the segmented image and the skeleton image (Fig. 2) . Briefly, for each pixel of the skeleton the distance to the nearest segmented edge was calculated and a sphere in 3-dimensional space with this radius was added to a volumetric mask. The result of this procedure was a network of collagenous beams with circular cross-sections. The thickness of the volumetric image was chosen to be 5% thicker than the diameter of the largest collagen beam. Rather than use a simple 2D cross-section we chose this 3D approach as it better approximates the actual LC, improving predictions of strain near the beams (Supplementary Material). For computational simplicity, only half of the volume was actually modeled and symmetry boundary conditions were used.
A tetrahedral mesh of the binary volumetric images was created and mean fiber orientation was assigned to each element of the mesh by nearest neighbor interpolation from the polarized light microscopy fiber orientation data. Material properties were chosen for the collagen beams and neural tissues as described later in the Material properties section of the Methods.
Displacement driven boundary conditions were obtained by linearly interpolating the displacements predicted from the mesoscale models to the locations of nodes on the sides of the mesh.
Material properties
The material properties of the neural tissue and of the collagenous beams were modeled using a fiber-based constitutive equation of the form
W is the total strain energy density, W Fiber is the strain energy density of the anisotropic fibers (collagen fibers for the LC beams or cytoskeletal filaments for the neural tissue), and W Ground is the isotropic strain energy density of the ground substance. The strain energy density of a fiber was modeled using an exponential power law with the form
ξ is a linear material constant defining the linear stiffness of the fibers, α is a non-linear material constant that governs how the stiffness of the fibers changes with the stretch of the fiber, and λ n is the fiber stretch. The strain energy density for all fibers was then calculated as the sum of the strain energy density for all fibers using the equation
H is a Heaviside function used to ensure that fibers are unstressed in compression, p is the probability density function used to describe the relative number of fibers with a given orientation, and θ n is the orientation of an individual fiber. The strain energy density equation for the ground material was modeled as a Mooney-Rivlin solid which has the form.
C 1 and C 2 are material constants defining the stiffness of the material and I 1 and I 2 are the first and second invariants of the right Cauchy-Green deformation tensor (non-directional measures of material deformation), K is the bulk modulus which defines the compressibility of the material and J is the Jacobian of the deformation gradient which is a measure of the volume change of the material. For the collagenous material, the parameter C 2 was set to zero which is analogous to a neo-Hookean formulation. Collagenous material was modeled using a nearly incompressible constitutive formulation, while neural tissue was modeled as a compressible material. The strain energy density for the material properties for the collagenous tissue were fit to experimental data obtained for human sclera via inflation testing [15] . For collagenous material the fibers were modeled using a 3D π-periodic von Mises distribution with concentration parameter κ. High values of κ represent highly aligned fibers, and 0 represents a perfectly uniform distribution of fibers. For the mesoscale models κ was chosen to be 0.6 to match the values reported in the literature for sclera [15] . For the microscale models κ was chosen to be 2, representing a narrower distribution of fibers at the microscale level. The mean collagen fiber orientation was calculated based on the polarized light microscopy data, as described above. Neural tissue fibers were modeled as a perfectly aligned distribution of fibers oriented out of the plane of the model (following the path of the optic nerve) with material properties based on guinea pig white matter [26] . The parameters used for our baseline studies appear in Table 1 .
For the mesoscale models material properties were assigned by weighting the strain energy density function of the collagen material by the energy data from the thickness-averaged histology measurements. The weighting was chosen so that any element with an average energy value equal to the average energy value of the entire sclera would have the material properties defined in Table 1 for collagenous material. Thus, the weighting of the material properties has the following form
‫ܧ‬ ா is the element averaged energy and ‫ܧ‬ ா തതതതതതത is the energy averaged over the entire sclera of the section. Average element energy was rounded to two decimal places, so that any elements could be defined by 1 of a set of 100 different material properties.
Material properties sensitivity analysis
Since the material properties of the collagenous beams and neural tissue of the sheep LC have not been experimentally determined, we varied the material properties used in our models to understand what effects they might have on our findings. This also provides a means for studying the effects of changes in material properties of the sclera and LC that are known to change with age and disease [27] [28] [29] [30] . To understand the effect of neural tissue stiffness, we tested the effects of a 10x increase in neural tissue stiffness for model G. Since, neural tissue stiffness is not included in the formulation of the mesoscale models, this test did not require the mesoscale model to be rerun. We also varied the material properties of the collagen beams. We tested four different material properties variations: 1) Stiff (representing a doubling of collagen stiffness), 2) Compliant (representing a halving of collagen stiffness), 3) Non-Linear (representing a doubling of fiber non-linearity while maintaining the same level of stress under 2% equibiaxial stretch, and 4) Linear (representing no fiber non-linearity while maintaining the same level of stress under 2% equibiaxial stretch). The parameter values used for these cases appear in Table 2 . For these variations models were re-run at both the mesoscale and microscale level. Finally, we tested the effect of collagen fiber dispersion on the results of our models, since we did not directly measure this dispersion from histology. Three additional cases were tested: 1) Isotropic fiber distribution (κ=0), 2) Wide fiber distribution (κ=0.5), and 3)
Perfectly aligned fibers (κ=∞). For this case, we did not rerun the mesoscale models, since the choice of κ=0.6 was based on measurements for sclera from the literature and fiber orientation would be expected to vary more over the larger elements of the mesoscale models.
Mechanical Analysis
To eliminate edge effects, elements located within 10% of the total region length or width from an edge were excluded from the analysis. Additionally, only elements on the symmetry plane were considered in the analysis of strain distribution. This was done to ensure that our conclusions were not overly influenced by our assumptions about tissue structure in the out of plane direction. 1 st principal and 2 nd principal strains and stresses were calculated from in plane strain and stress components only. Thus, the first principal strains represent the stretch of the tissue and the second principal strains represent tissue compression. The difference between the 1 st and 2 nd principal strains is a measure of the maximum shear strain. All stresses and strains are reported with respect to the deformed geometry, with stresses being reported as Cauchy stress in kPa and all strains being reported as Green strain reported as a percent, i.e.
Green strain multiplied by 100. All median and percentile calculations were conducted using volume-weighted methods.
Statistical methods
Median 
Results

Microscale strains and stress for baseline conditions
The predicted strains for each of the microscale regions are shown in Fig The direction of the 1 st principal strain in the beams was along the length of the beam and along the direction of the fibers, despite the fact that the beams were stiffer along the fiber direction than in the cross-fiber direction (Fig. 7) . This finding was consistent across all the models. Since the direction of the 1 st principal was along the beams, the direction of the 2 nd principal was perpendicular to the beams and the native fiber orientation indicating beam thinning. In general, the direction of the 1 st principal strain in the neural tissue pores was perpendicular to the longest surrounding beams. However, the direction of 1 st principal strain was highly variable between one pore and its neighbor.
There was no clear pattern as to which types of beams experienced high stress concentrations and which did not (Fig. 8) . Some, large beams had high stresses and some small beams had very small stress concentrations. Stresses did tend to be concentrated away from beam intersections and often on one side of the beam indicating bending. The stress concentrations in the beams appeared to be larger in the peripheral LC regions.
Parametric Analysis
We found that increasing the stiffness of the neural tissue 10-fold lowered the 1 st principal neural tissue strains and increased the 2 nd principal strains, resulting in lower shear strains (Fig   9) . A few small regions of pores were predicted to have greater 1 st principal strains though. Four different variations in the properties of the collagenous materials were tested for region G (Fig.10) Increasing the non-linearity of the fibers did not have a strong effect on the predicted neural tissue strains. Overall, the strains in the neural tissue were more sensitive to the stiffness of the collagen beams than to the stiffness of the neural tissue.
Finally, we examined the effect of fiber dispersion. The 1 st principal strains predicted by models with isotropic fibers or a wide distribution of fibers were similar to the baseline case (Fig.   11 ). Models with perfectly aligned fibers predicted higher 75 th and 95 th percentile 1 st principal strains and more negative 2 nd principal strains in the neural tissues. Interestingly, in all three cases the 2 nd principal strain in the beams was reduced as compared to the baseline case. As a whole, these results may seem non-intuitive for the perfectly aligned fibers case, however, they are primarily explained by the fact that the direction of the 1 st principal strain was slightly altered in several of the beams. In fact, in many places the direction of the 1 st principal strain in the beams was altered to be between 10 and 45 degrees from the fiber orientation. While the baseline case and the wide distribution cases have some fibers that are aligned up to 45
degrees from the mean orientation angle, there were no fibers aligned along this direction for the perfectly aligned case. Hence, the perfectly aligned fiber model allows for increased stretch in the collagen beams when the direction of loading slightly differs from the measured fiber direction.
Discussion
Our numerical models predicted IOP-induced tensile and compressive strains within the neural tissues of the LC that were large and heterogeneous, varying greatly from one pore to another.
The stiffness and non-linearity of the connective tissue influenced the magnitudes of the strains in the neural tissues, however, the stiffness of the neural tissues and the anisotropy of the connective tissue had only minimal effects. Strains were significantly higher in pores near the periphery of the LC, adjacent to the lamina. Accurate characterization of the effects of IOP on the neural tissues of the LC is critical to understanding the pathogenesis and progression of glaucoma as the LC neural tissues are hypothesized to be damaged by IOP-induced mechanical insult. Our conclusions are largely in agreement with recent experimental testing which has predicted similar behavior [18] [19] [20] .
Tensile (1 st principal) strains in the neural tissues in the peripheral LC models, exceeded 10% (95 th percentile). In the context of cell mechanobiology these levels of strain can be quite damaging. The astrocytes of the lamina cribrosa have mechanosensitive ion channels and are known to take on an activated remodeling phenotype when stretched [33, 34] . Exler and colleagues recently found that 12% biaxial stretch altered the phosphorylation of PEA-15 in astrocytes, which in turn promotes MMP activity and apoptosis [35] . This group has previously found that 12% stretch promotes the expression of Annexin A4, a protein associated with cell membrane repair, indicating potential cellular damage [36] . 20% strain of astrocytes is similar to the levels observed in mild traumatic brain injury which is known to reduce cell membrane integrity and trigger an inflammatory cascade including the expression of TNF-α [37] . Given that the RGC axons within the LC are unmyelinated, it is possible that these levels of strain could also be increasing the permeability of the axons themselves, hindering the propagation of action potentials and contributing to axon loss.
From a mechanical perspective, the high strains in the LC pores are partially explained by the fact that the lamina beams thin when stretched thereby increasing the area of the pores. Our sensitivity studies indicate that the peak strains in the neural tissue are influenced by the stiffness and non-linearity of the connective tissues, with a 2x increase in collagen stiffness resulting in a 38% reduction in mean 1 st principal neural tissue strain. The degree of fiber anisotropy in the connective tissues had almost no effect on the distribution of strains in the neural tissues, this is similar to the findings of Zhang et al. who found that the anisotropy of the LC had little effect on the strains in the LC [13] . Although this may be true for the lamina, we note, that both the study by Zhang and other modeling studies have found that the degree of anisotropy in the sclera is influential on the strains in the LC [13, 15] . The stiffness of the neural tissue itself also had only a small influence on the neural tissue strains as a 10x increase in neural tissue stiffness reduced the mean 1 st principal strain by only 11%. Further the mechanical properties generally had little effect on the patterns of pore-to-pore variability. These findings, coupled with the fact that the direction of the 1 st principal strain followed along the direction of the beams, suggests that the magnitude and patterns of insult are primarily due to the structure and organization of the laminar beams.
Another finding of this work is that the pores closest to the scleral boundary experienced the largest 1 st principal strains and the most negative 2 nd principal strains. This indicates not only that these pores undergo large deformations, but that the neural tissues within suffer high shear deformations. Most previous models predict this behavior, largely due to the compliance mismatch between the sclera and the LC, however, we see this in our microstructure models in which the material properties of the scleral collagen and laminar beams are identical. The prediction of high mechanical insult at the scleral boundary is particularly interesting given that glaucomatous axon loss initiates at the periphery of the lamina [7] .
In our study using second harmonic generation, we found that an IOP elevation of 35 mmHg (10 to 45 mmHg or 15 to 50 mmHg) resulted in localized 1 st principal strain exceeding 10 and even 20%. Furthermore, our data suggested that the amount of stretch or compression varied largely from one pore to another. Peak strains exceeding 10% have been reported by Midgett and colleagues who also used second harmonic generation to measure the deformation of human LCs [20] . While both of these studies were done ex vivo, we have also recently measured strains in vivo in the LC of rhesus macaque monkeys under various levels of IOP and intracranial pressure using optical coherence tomography [19] . In this study we again found IOP-induced local tensile and compressive strains in excess of 20%. The strains predicted using our microstructure models in this work are more in line with these experimental findings than those predicted by any previous models, indicating that it is essential to consider the connective tissue and neural tissue of the LC as distinct materials. In fact, we are currently studying the degree to which microstructural details are necessary for the accurate characterization of LC biomechanics.
A few other models have considered the properties of the neural tissue and the collagenous beams separately. Bellezza et al. modeled coarse versions of the lamina with a few collagen beams and rectangular LC pores and reported higher stresses in the collagenous beams than in the neural tissue [8] . Sander et al., created a multiscale analytical model to study stresses at the pore level and also found an amplification of stresses within the LC microstructure. Both these models, however, used simplified generic geometries with symmetric beams and pores and isotropic, linear elastic material properties. Our model is the first to use highly-detailed specimen-specific geometries, and non-linear material properties.
While the multiscale modeling approach we have used provides a reasonable framework for understanding important biomechanical phenomena, it is important to note its limitations. We chose to model the microstructure of the LC at a very high resolution, and therefore in this first work we only created microscale models of LC regions, not the whole LC. Our results suggest that the increased resolution provided novel insights that were not previously attainable. Further, our two-level approach provides reasonable boundary conditions for the multiscale models inline with other studies [13] . The technique we have presented is compatible with high resolution models of the whole LC, being limited only by the computer memory available during simulation.
We based our models on histology slides because they allow high resolution measurements of ONH microstructure and collagen fiber orientation, in the primary plane of the connective tissue microstructure structure [21, 22] . Other imaging techniques do not provide out-of-plane resolution comparable to the in-plane resolution we can get with polarized light microscopy.
Further, we have also demonstrated that our tissue processing methodology, formalin fixation and cryosectioning, does not induce significant tissue deformation or shrinkage [21] , which has been found in other studies [38] . This gives us confidence that the dimensions of the microstructure in our models are similar to the dimensions in situ. While our approach does not yet incorporate the curvature and out of plane orientation of the laminar beams and RGC axons, the out-of-plane stress in the lamina is thought to be small compared to the in-plane stress [13, 39] and our model allows us to study the response of the LC to this primary loading. Thus, we believe our approach is reasonable given our aims.
There is no published experimental data on the non-linear material properties of sheep lamina beams, sclera and optic nerve tissue. We chose to use material properties for the connective tissues which were based on the properties of human scleral tissue obtained via inflation testing. Given that human scleral stiffness has been well characterized [15, 27, 28, 40, 41], we deemed this to be a reasonable assumption. More challenging was the choice of neural tissue properties. There were three key considerations when we decided to use properties from a study on guinea pig white matter [26] . 1) The material properties in the study were determined using tensile testing rather than indentation. This was important as the primary mode of deformation in our study was tensile.
2) The material properties reported by the study were hyperelastic and anisotropic to account for both the large strains and reduced cross-axon direction stiffness as compared to the axon direction. This was essential as our models primarily examine the stretch in the cross-axon direction.
3) The experiments were done on nerve tissue with both the pia and gray matter excised. Although we would have preferred to use material properties from human or sheep, we reasoned that these considerations were just as important.
No matter what our choice of properties, they would still be approximation of the in-vivo specimen specific properties, and this is why we carried out a sensitivity analysis. We found that the connective tissue stiffness influenced the peak tensile and compressive strains, while the neural tissue stiffness had little effect. Connective tissue stiffness in the sclera is known to vary between individuals and with age and disease [27] [28] [29] 40] . Experimental determination of the mechanical properties of the LC beams themselves would improve future models and provide valuable insight into the mechanics of the LC.
While we have created a high resolution model that distinguishes the neural tissues from the collagenous beams of the lamina, our model still treats the neural tissue and collagenous beams as homogenous continuums. In reality, the neural tissues are composed of mixtures of RGC axons and glial cells which bind to each other and to the collagenous beams through transmembrane biochemical bonds such as cadherins and integrins [42] . These bonds may fail under high strains which may reduce the deformation of the axons and neural tissues. However, the disruption of cell-matrix bonding and cell-cell interactions would likely lead to changes in cell signaling and behavior and could induce remodeling, inflammation or even apoptosis. Hence, the high strains predicted by our model may best be understood as estimates of the risk for biomechanical insult. More experimental studies of cell-matrix biomechanics are needed before these types of interactions could be included in our models. Likewise, we have made assumptions about the collagen of the LC beams. In particular, we assume that the collagen beams are composed of a family of collagen fibers which undergo affine deformations. Although this approach and its assumptions are well accepted for mechanical models on the length scale of the posterior sclera [15, 43, 44] , it is not necessarily the case that the deformation of the collagen in the LC beams is affine. In fact, studies have shown in other tissues that collagen fibrils and fibers may undergo non-affine deformations on the micron scale, particularly when loaded in the cross-fiber direction [45, 46] . Given the length scale of the LC beams, ~15-100 microns, and the fact that the collagen in the beams is aligned along the direction of loading, we suspect that the assumption of affine deformation is reasonable; however experimental studies using high resolution imaging would be needed to verify this.
Conclusion
When models consider the microstructure of the LC, the mechanical insult within the neural tissues of the optic nerve at the level of the LC exceeds the levels predicted by previous models, and is in agreement with recent experimental evidence. These levels of deformation have been shown to be sufficient to activate the astrocytes residing in the neural tissue pores and may be detrimental to the RGC axons themselves. sectioned and imaged at low magnification. Polarized light microscopy was used to determine the collagen fiber energy, a measure of collagen density, and fiber orientation [21] . Colors in the images represent the fiber orientation. Sections were registered to one another to form a stack.
TABLES:
These stacked images were used as the basis for the mesoscale models used for boundary conditions. Individual sections were then reimaged at higher magnification, and registered to the low magnification stacks. Regions from the individual sections were then used to create the microscale models. Scale bars are 1 mm unless otherwise indicated. Material properties used in parametric variation study. Stiff and compliant cases represent a doubling or halving of the stiffness. In the linear case, the stiffness does not increase with increasing strain, and the stress at 2% equibiaxial strain is the same as with baseline material
properties. In the non-linear case, the stiffness increases with strain at twice the rate as the baseline case, but again has the same stress as baseline at 2% equibiaxial strain. (B) 
Statement of Significance
The loss of visual function associated with glaucoma has been attributed to sustained mechanical insult to the neural tissues of the lamina cribrosa due to elevated intraocular pressure. Our study is the first computational model built from specimen-specific tissue microstructure to consider the mechanics of the neural tissues of the lamina separately from the connective tissue. We found that the deformation of the neural tissue was much larger than that predicted by any recent microstructure-aware models of the lamina. These results are consistent with recent experimental data and the highest deformations were found in the region of the lamina where glaucomatous damage first occurs. This study provides new insight into the complex biomechanical environment within the lamina.
